ABSTRACT Association mapping focused on 36 genes involved in branch development was used to identify candidate genes for variation in shoot branching in Arabidopsis thaliana. The associations between four branching traits and moderate-frequency haplogroups at the studied genes were tested in a panel of 96 accessions from a restricted geographic range in Central Europe. Using a mixed-model association-mapping method, we identified three loci-MORE AXILLARY GROWTH 2 (MAX2), MORE AXILLARY GROWTH 3 (MAX3), and SUPERSHOOT 1 (SPS1)-that were significantly associated with branching variation. On the basis of a more extensive examination of the MAX2 and MAX3 genomic regions, we find that linkage disequilibrium in these regions decays within $10 kb and trait associations localize to the candidate genes in these regions. When the significant associations are compared to relevant quantitative trait loci (QTL) from previous Ler 3 Col and Cvi 3 Ler recombinant inbred line (RIL) mapping studies, no additive QTL overlapping these candidate genes are observed, although epistatic QTL for branching, including one that spans the SPS1, are found. These results suggest that epistasis is prevalent in determining branching variation in A. thaliana and may need to be considered in linkage disequilibrium mapping studies of genetically diverse accessions.
E
VOLUTIONARY change in shoot architecture has played a central role in the morphological diversification of plant species, although relatively little is known about its molecular basis (Sussex and Kerk 2001) . Only a small number of genes have been implicated in shoot architectural evolution (Bradley et al. 1997; Purugganan and Suddith 1998; Purugganan et al. 2000; Gallavotti et al. 2004; Yoon and Baum 2004; Vollbrecht et al. 2005) , with the most comprehensively understood example coming from the maize teosinte branched 1 (tb1) gene (Doebley et al. 1997) . In studies of morphological evolution under domestication, it has been demonstrated that tb1, a TCP class transcription factor, was a target of selection for reduced tillering during the evolutionary origin of maize from its wild ancestor teosinte (Wang et al. 1999; Clark et al. 2004 Clark et al. , 2006 . A fuller understanding of the evolutionary basis of plant shoot variation can be achieved only through the continued identification of the molecular mechanisms responsible for the vast diversity in plant architectures.
One broad component of shoot architecture is branching pattern. Developmental regulation of branching occurs at several levels, including (i) node patterning, (ii) meristem determination, and (iii) axillary meristem elongation (McSteen and Leyser 2005) . Several genes have been shown to affect node patterning in the model plant species Arabidopsis thaliana, including LATERAL SUPPRESSOR (LAS) (Greb et al. 2003) , SHOOT MERIS-TEMLESS (STM) (Long et al. 1996) , REVOLUTA (REV) (Talbert et al. 1995) , and the REGULATORS OF AXIL-LARY MERISTEMS (RAX) genes (Keller et al. 2006; Muller et al. 2006) . The determination of inflorescence meristem identity is largely controlled by the floral identity genes TERMINAL FLOWER1 (TFL1) (Bradley et al. 1997) and LEAFY (LFY) (Weigel et al. 1992) . Branch elongation is regulated by numerous phytohormones, such as auxin, cytokinin, and abscicic acid (Ward and Leyser 2004) . Analyses of certain auxin signaling genes, such as AUXIN RESISTANT1 (AXR1) (Lincoln et al. 1990; Leyser et al. 1993; Stirnberg et al. 1999) , as well of genes that appear to regulate auxin transport, such as the MORE AXILLARY GROWTH (MAX) genes (Stirnberg et al. 2002; Sorefan et al. 2003; Booker et al. 2005; Bennett et al. 2006) , have shown that this hormone plays a crucial role in coordinating branch outgrowth with the plant developmental program.
In A. thaliana, it has been shown that significant variation in branch number and other quantitative aspects Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under accession nos. EF597723-EF598847. 1 of shoot architecture exist (Ungerer et al. 2002) . Quantitative trait locus (QTL) mapping has historically been used as the main approach to mapping genes responsible for variation in ecologically and evolutionary significant traits (Lynch and Walsh 1998) and QTL mapping experiments have identified numerous loci that may be responsible for branching variation (e.g., Ungerer et al. 2002 Ungerer et al. , 2003 . Recently, however, association or linkage disequilibrium (LD) mapping has emerged as a serious alternative to identifying genes underlying quantitative phenotypes and has been used with greater frequency in mapping traits in A. thaliana (Mitchell-Olds and Schmitt 2006), maize (Yu et al. 2006) , Drosophila (Mackay 2004) , and humans (Cardon and Abecasis 2003) . Association studies in A. thaliana have covered a broad spectrum of genomic scales, ranging from candidate gene analysis (Hagenblad and Nordborg 2002; Caicedo et al. 2004; Hagenblad et al. 2004; Olsen et al. 2004 ) to genomewide scans (Aranzana et al. 2005; Zhao et al. 2007) .
Since rarely, if ever, is it possible to pinpoint a priori which genes in a genetic pathway or network are likely to possess functional polymorphism(s), large-scale analyses of all genes in a trait's genetic network are a necessary next step in the candidate gene approach. The candidate gene approach is likely to be particularly useful in A. thaliana, since the relatively rapid decay of LD in its genome (,25 kb) suggests that trait associations will often span a few loci and possibly delimit functionally significant polymorphism(s) to appropriate candidate loci (MitchellOlds and Schmitt 2006) . This mapping resolution will facilitate a more expedient characterization of the genetic basis of natural phenotypic variation in this species, although the promise of association mapping is dependent on our ability to differentiate significant results that are biologically informative from spurious associations. This continues to be a substantial challenge, as high falsepositive rates for association mapping have been found in A. thaliana (Aranzana et al. 2005; Zhao et al. 2007) .
Spurious associations typically occur when the demographic structure of a population is correlated with trait variation (Pritchard et al. 2000b) , but this problem is more pronounced in A. thaliana due to the selfing nature of this species and the geographic isolation of subpopulations with distance (Zhao et al. 2007 ). Methods to account for demographic structure in association mapping panels have been developed by incorporating estimates of population ancestry (Pritchard et al. 2000b; Price et al. 2006) and kinship (Yu et al. 2006) into genotype-phenotype association tests. In general, these methods dramatically improve the power of association mapping to detect functional genetic variation, but do not totally resolve confounding demographic structure. Thus, results from association studies in this species must be cautiously evaluated and, ideally, replicated through other approaches, such as QTL mapping or transformation experiments.
We explore the genetics of branching variation in A. thaliana through association mapping focused on candidate genes involved in branch development. We initially sequenced $600-bp fragments of 36 genes involved in shoot architectural development from a set of 24 geographically diverse A. thaliana accessions. Common haplogroups ($10%) of these genes were genotyped in 96 geographically restricted accessions for association mapping. Several genes show nominally significant associations with branching, and we localize two of these associations to the gene level through a more extensive analysis of linked genomic regions. None of the observed associations are detected as additive QTL within the Ler 3 Col or Cvi 3 Ler recombinant inbred lines (RILs), although reanalysis of the QTL mapping data shows numerous epistatic interactions underlying branching variation. These results provide an opportunity to compare candidate gene association studies with QTL mapping analyses and suggest the possibility that epistatic interactions should be considered in associationmapping investigations.
MATERIALS AND METHODS
Amplification and sequencing of the candidate genes and their genomic regions: Candidate genes included in this study are listed in Table 1 . Amplification primers were designed in Primer3 (http:/ /fokker.wi.mit.edu/cgi-bin/primer3/primer3_ www.cgi), using the Col-0 genome sequence. Accessions used for sequencing are noted in supplemental data at http:/ /www. genetics.org/supplemental/. PCRs were conducted using standard reaction conditions and Perkin-Elmer (Norwalk, CT) thermalcyclers. Either Taq or Ex-Taq (TaKaRa, Otsu, Japan) polymerases were used for PCR amplification. PCR products were purified using QIAGEN (Hilden, Germany) PCR purification kits or QIAGEN gel extraction kits or ExoSAP (Invitrogen, Carlsbad, CA). Sequencing reactions were performed with BigDye terminators (ABI; Applied Biosystems, Foster City, CA). Sequencing was conducted at the North Carolina State University Genome Research Lab or at the New York University Genetic Analysis Center on ABI 3100, 3700, or 3730 capillary sequencers according to standard protocols.
Sequence manipulation and analysis: Sequence data were compiled into contigs using Phred/Phrap (CodonCode, Dedham, MA) and initially aligned in Biolign v2.0.9 (Tom Hall, Ibis Therapeutics, Carlsbad, CA). All polymorphisms were confirmed using the sequence trace files. Final sequence alignment was performed in Bioedit v7.0.5.2 (Tom Hall, Ibis Therapeutics).
Levels of polymorphism were determined on the basis of the average number of pairwise differences between alleles (p) (Tajima 1983) or on the basis of the number of segregating sites (S) in the sequence sample (u w ) (Watterson 1975) in DnaSP v4.0 (Rozas et al. 2003) . Nucleotide diversity values for nonsynonymous and synonymous sites (p n and p s , respectively) in coding regions, as well as Tajima's D (Tajima 1989) , were also computed in DnaSP v4. The number of haplotypes (h) is also reported for each gene. Maximum-parsimony gene genealogies were created in MEGA v3.1 (Kumar et al. 2004) .
LD in the MAX2 and MAX3 genomic regions was calculated as r 2 (Hill 1974) . Polymorphisms with minor allele frequencies #10% were excluded from analysis. The median LD decay plot was created by grouping r 2 -values into bins of 5 kb on the basis of the distances between markers. The median r 2 -value was taken from each bin and plotted against bin midpoint. LD was plotted in TASSEL v1.9.4 (Ed Buckler lab, Cornell University, Ithaca, NY). Significance for LD was determined through 10,000 permutations.
Genotyping: Polymorphisms for genotyping were determined on the basis of haplogroups present in the gene genealogies. For both the candidate genes and the genomic region sequencing, one polymorphism was genotyped from any branch that separated $10% of the alleles from all others, using cleaved amplified polymorphic sequences (CAPS) or degenerate CAPS (dCAPS) markers. CAPS markers were chosen by comparison of the sequences of different alleles in NEB Cutter v2.0 (http:/ /tools.neb.com/NEBcutter2/index.php). dCAPS Finder v2.0 (http:/ /helix.wustl.edu/dcaps/dcaps.html) was used to choose dCAPS markers. All primers for marker amplification were designed in Primer3. All restriction enzymes for digestion were purchased from New England Biolabs (Ipswich, MA). For BP and SEU, the alleles for these genes were sequenced from all 96 individuals, rather than genotyped with CAPS or dCAPS markers. Genotyped accessions and haplogroup assignments are provided in supplemental data at http:/ /www.genetics.org/supplemental/.
Phenotype data for LD mapping: Data are from a controlled growth chamber experiment conducted at North Carolina State University . A lateral branch was defined as any elongated branch along the primary inflorescence. A basal branch was characterized as any branch emanating from the rosette. In large part, these basal branches extend from apical rosette nodes. Total branches were the sum of lateral branches and basal branches. Lateral branch nodes were considered any point along the primary inflorescence where a lateral branch could form and were counted as the number of cauline leaves. Least-squares (LS) means for trait values were used for the analyses in this article. Trait values were standardized prior to running the mixed model to improve convergence. Association tests: To decrease the possibility of spurious associations due to hidden population structure in our sample, we used a recently reported mixed-model method that incorporates population ancestry estimates from the program STRUCTURE v2 (Pritchard et al. 2000a ) and pairwise kinship estimates from the program SPAGeDi v1.2 (Hardy and Vekemans 2002) . STRUCTURE runs with a prior of four ancestral populations (K ¼ 4), resulting in the highest likelihood value of all K-values (supplemental data at http:/ /www. genetics.org/supplemental/). The ancestry estimates are based on previously described SNP data (Schmid et al. 2006 ). Mixed-model association tests were conducted in SAS v9.1.2 (SAS, Cary, NC) with a previously described program (Yu et al. 2006) .
Mapping epistatic QTL: We analyzed previously published data for branching from the Ler 3 Col or Cvi 3 Ler RILs (Ungerer et al. 2002 (Ungerer et al. , 2003 in the program EPISTACY (Holland 1998) . A significance threshold of P ¼ 0.001 was used. Marker combinations exhibiting epistatic interactions were evaluated for linkage to determine the span of the detected interactions. Epistatic QTL intervals were determined on the basis of the physical positions of all linked markers that appear to represent the same epistatic interaction. In some cases, only a single marker pair was found to represent the epistatic interaction, in which case the physical spans of the epistatic QTL could not be determined.
RESULTS AND DISCUSSION
Levels of variation and haplogroup structure of candidate branching genes: The 36 candidate genes used in this study were chosen to represent loci that control various developmental and physiological processes involved in shoot branching. One $600-bp fragment composed primarily of exons was sequenced from each candidate gene in a panel of 24 accessions from across the geographic range of the species. Nucleotide diversity levels at the 36 genes were lower than previously reported genomewide values for functional genes with p ¼ 0.002 and u w ¼ 0.003 (Nordborg et al. 2005; Schmid et al. 2005) . PINOID (PID), which has no polymorphisms, has the lowest nucleotide diversity of all genes, while PINHEAD (PNH) possesses the highest diversity (p and u w ¼ 0.014) ( Table 2) . In coding regions, nucleotide diversity values for nonsynonymous polymorphisms (p ¼ 0.001 and u w ¼ 0.002) were nearly 3.5-fold lower than for synonymous polymorphisms (p ¼ 0.004 and u w ¼ 0.005), and numerous genes were not polymorphic at their nonsynonymous sites.
The average Tajima's D-value observed in this sequence data set is À1.023, the negative value arising from the prevalence of low-frequency mutations in this data set. The mean number of polymorphic sites observed per gene is 7.6, while the mean number of haplotypes per gene is 6.5, indicating that a large proportion of observed mutations are found in unique haplotypes. Most sequenced genes exhibit haplotype structure characterized by numerous low-frequency haplogroups that are differentiated from each other by a small number of mutations (Figure 1) . Three genes-AUXIN RESISTANT 2 (AXR2), MORE AXILLARY GROWTH 2 (MAX2), and PINHEAD (PNH)-possess a relatively high number of moderate-frequency mutations in comparison to other loci. Only 27 of the 36 genes (75%) possess haplogroups that are present at a frequency $10%.
We attempted to determine if genes involved in different developmental processes underlying shoot branching possess different levels of sequence variation. We categorized the 36 genes into three general groups on the basis of their roles in branch development: (i) node patterning, (ii) meristem identity determining, and (iii) phytohormone signaling genes. Signaling genes have the highest levels of nucleotide diversity (p ¼ 0.004), with the other two classes possessing similar levels of polymorphism (p ¼ 0.001 for both classes). There are also lower nonsynonymous diversity levels for the meristem identity and patterning genes (p n % 0 for both classes) than for the signaling genes (p n ¼ 0.002). Meristem identity genes also have a higher proportion of loci with no nonsynonymous site variation (75%) than either node patterning (21%) or hormone signaling loci (28%).
Characteristics of the mapping population: Population structure in A. thaliana is extensive, with substantial differences in allele frequencies occurring across its geographic range (Nordborg et al. 2005; Schmid et al. 2005) . This poses a serious challenge for association mapping since many traits in this species exhibit clines that are correlated with population structure (Aranzana et al. 2005) . To minimize the confounding effect of population structure on association mapping, we use 96 accessions from a geographically restricted range in Central Europe between latitudes 45°N and 55°N and longitudes 4°E and 18°E. Other studies have shown that population structure within this region is less severe than the global population structure of the species (Nordborg et al. 2005; Schmid et al. 2005; Korves et al. 2007) .
Previous association studies in our laboratory used a published AFLP data set (Sharbel et al. 2000) to correct for population structure (Caicedo et al. 2004; Olsen et al. 2004) , but this data set indicated minimal population stratification. More recent analyses based on SNP data have shown that, in fact, substantial population stratification is present in A. thaliana (Nordborg et al. 2005; Schmid et al. 2005) , requiring the reevaluation of our previous association results ( Korves et al. 2007) . In this study, we utilized 115 genomewide SNPs from Schmid et al. (2005) , using the program STRUC-TURE (Pritchard et al. 2000a) , which confirms that there is population stratification in the accessions used in this study, with the most likely number of populations (K) being four. The percentage of membership to populations one through three is spatially correlated, with population one membership correlated to both latitude and longitude of origin of the accessions (F 2,93 ¼ 10.97, P , 0.001), whereas population two and three correlated to longitude (F 1,94 ¼ 7.48, P ¼ 0.008) and latitude (F 1,94 ¼ 13.06, P , 0.001), respectively. Thus, despite sampling at a smaller geographic scale, there is still detectable genealogical and geographic structure in this accession panel.
We determined the distribution of shoot branching across these 96 accessions for four branching traits under long and short day controlled growth chamber conditions: (i) lateral branch number, (ii) basal branch number, (iii) total branch number, and (iv) lateral branch node number. Substantial quantitative variation was found in these shoot-branching traits (Figure 2) , and broad sense heritabilities (H 2 ) range from 0.09 for basal branches in short day to 0.41 for lateral branches in long day, with higher H 2 -values generally observed in long day than in short day.
Branching traits exhibit geographic clines in our A. thaliana sample, with the majority of traits showing significant correlations with either the latitude or the longitude of origin of the accessions or with both. Long day lateral branches (ANOVA, F 1,94 ¼ 7.38, P ¼ 0.008), short day lateral branch nodes (ANOVA, F 1,94 ¼ 6.94, P ¼ 0.010), and short day basal branches (ANOVA, F 1,94 ¼ 6.95, P ¼ 0.010) are all correlated with longitude, while long day lateral branch nodes are also associated with latitude (ANOVA, F 1,94 ¼ 5.56, P ¼ 0.020).
Associations between candidate gene polymorphisms and branch architecture: Of the 36 genes we initially analyzed, only 27 contained moderate-frequency ($10%) haplogroups that were subsequently genotyped in the association-mapping panel of 96 accessions. We assessed the level of population structure in our mapping sample using these candidate gene haplogroups and found that unlike in the genomewide SNP set, the most likely number of putative ancestral populations (K) was found to be two (supplemental data at http:/ /www.genetics.org/ supplemental/). This suggests that our candidate genes exhibit lower levels of population stratification than genomewide markers in the set of 96 accessions.
Mixed-model association tests were conducted on the basis of haplogroup genotyping results, except for AINTEGUMENTA (ANT) for which no variation was found in our mapping sample. The observed nominally significant associations (P , 0.05) per environmenttrait combination ranged from one to four (Table 3) , with 7 genes (27%) exhibiting a nominally significant association in at least one environment-trait combination, while 5 genes (19%) are nominally significant in two or more environment-trait combinations. It has been shown that even with the use of the mixed-model approach there is still an excess of false-positive associations in A. thaliana (Aranzana et al. 2005; Zhao et al. 2007) . In an effort to be conservative in our evaluation of results, we recomputed association probabilities by ranking the nominal P-values for the 26 genes. We accepted an association as significant only if (i) the mixedmodel result was nominally significant (P , 0.05) and (ii) the association P-value was at the lower 5% tail of the observed P-value distribution of all the candidate genes. In essence, this latter criterion allows us to use all the candidate gene associations as an empirical distribution for P-values obtained from the mixed-model method (i.e., if $20 genes are used, then one may be considered actually significant).
On the basis of both our criteria, one single significant association was found for each environment-trait combination, except for long day lateral branches, which had no nominally significant associations. Three genes-MORE AXILLARY GROWTH 2 (MAX2), MORE AXIL-LARY GROWTH 3 (MAX3), and SUPERSHOOT1 (SPS1)-exhibited significant haplogroup-phenotype associations after the P-values were reassigned. The significant associations were: (i) MAX2 and lateral and total branches in short day, (ii) MAX3 and lateral branch nodes and total branches in long day, and (iii) SPS1 and basal branches in long day and short day and lateral branch nodes in short day. The SPS1 association with basal branching was the only gene-trait-significant association across environmental conditions.
Patterns of LD and genotype-phenotype associations across two linked genomic regions: The patterns of polymorphism and linkage disequilibrium in the genome are the primary determinants of the resolution of association mapping (Gaut and Long 2003) . Although the extent of LD in A. thaliana has been characterized above 25-kb scales, we were interested in documenting it below this level of resolution across our significant genes. We sequenced $600-bp fragments from three genes both upstream and downstream of MAX2 and MAX3; these two genes were chosen because they exhibited multiple trait associations and are linked on chromosome 2, permitting the analysis of trait association patterns at both the fine ($35-kb) and coarse ($800-kb) genomic scales. These two regions display a fivefold difference in polymorphism levels, with the MAX2 region having a mean p ¼ 0.005, while the mean p of the MAX3 region is 0.001. The range of nucleotide diversity is also much higher in the MAX2 (p min % 0, p max ¼ 0.011) than in the MAX3 region (p min % 0, p max ¼ 0.002).
The patterns of LD are similar for both the MAX2 and the MAX3 genomic regions, with SNP correlations primarily observed between adjacent genes. In the MAX2 region, three haplotype blocks are distinguishable (Figure 3) , with only slight LD (r 2 % 0.5) detectable between a pair of SNPs found in two blocks. As for the MAX3 region, all LD with r 2 . 0.4 is found intragenically, except for LD that is detected between MAX3 and its downstream neighbor At2g45000 (Figure 3 ). There is no detectable disequilibrium between the MAX2 and MAX3 regions. These results suggest that phenotypic associations at MAX2 and MAX3 should not span .10 kb, encompassing at most two to three genes (Figure 4) .
To test whether our haplogroup associations at MAX2 and MAX3 extend to linked genes, we employed the mixed-model association method on moderate-frequency haplogroups ($10%) found across these two genomic regions. These results confirm that the trait associations span short genomic distances, localizing both the MAX2 and the MAX3 associations to these genes and not to the linked loci ( Figure 5) .
Comparison of LD to QTL mapping: To replicate our candidate gene association results, we attempted to determine if our gene-trait associations correspond to previously observed additive QTL in the Ler 3 Col and Cvi 3 Ler RIL populations. For lateral branches and lateral branch nodes combined, 5 QTL were observed in both short day and long day in the Ler 3 Col RILs, whereas 11 and 14 were observed in the Cvi 3 Ler RILs in short day and long day, respectively (Ungerer et al. 2002 (Ungerer et al. , 2003 . The loci exhibiting trait associations with lateral branches or lateral branch nodes were sequenced in the parental lines of each set of RILs. The Ler 3 Col RILs have MAX2 haplotypes that are members of significantly different haplogroups in the association-mapping study (contrasts of the haplogroups containing the two alleles are significant for both lateral branches and total branches in short day, with P ¼ 0.030 and P ¼ 0.047, respectively), while the Cvi 3 Ler RILs possesses relevant haplotypes for SPS1 (contrast of the two relevant haplogroups for lateral branch nodes results in P ¼ 0.042). However, for neither MAX2 nor SPS1 are overlapping additive QTL present in the appropriate RIL mapping populations.
The absence of additive QTL in the Ler 3 Col and Cvi 3 Ler mapping populations (Ungerer et al. 2002 (Ungerer et al. , 2003 encompassing either SPS1 or MAX2 was unexpected, given that we used a mixed-model approach that previous reports suggested had a relatively low falsepositive rate (Yu and Buckler 2006; Zhao et al. 2007 ), a geographically restricted mapping panel to further minimize population stratification, and a conservative recomputation of P-values by comparison of nominal probabilities across all tested candidate genes. There are two possibilities to account for this discrepancy. First, despite our efforts to minimize false positives, we are unable to completely remove all residual population structure that can still give rise to spurious associations. That association mapping is fundamentally confounded by the demographic structure of a population has been well documented (Zhao et al. 2007) , and although we have been methodologically conservative so as to mitigate population structure effects, cryptic population structure may continue to be present that leads to spurious associations.
The second possibility is that these genes indeed underlie natural variation in shoot branching, but in primarily epistatic interactions rather than as direct additive effects. To assess whether epistatic QTL involving the MAX2 and SPS1 genomic regions are present, we determined the number and locations of epistatic interactions involved in branching in the Ler 3 Col and Cvi 3 Ler RILs. Seven and nine branching epistatic interactions were found in the Ler 3 Col RILs in short day and long day, respectively, while six and seven were found in the Cvi 3 Ler RILs under the same growth conditions (Tables 4 and 5 ). Epistatic interactions were indeed found to overlap both genes in the appropriate RILs ( Figure 6 ). Epistatic QTL that overlap MAX2 are observed in the Ler 3 Col mapping population, but are for a different branching trait-environment combination than was observed by the candidate gene associationmapping study. For SPS1, however, an overlapping epistatic QTL was detected in the Cvi 3 Ler lines that replicated the association-mapping results.
It is thus possible that what we are observing is the effect of population stratification in our association studies, but in this context the population structure works to P-values are plotted as Àlog(P). Genes with no polymorphisms at $10% frequency are not included. The horizontal line with light shading denotes P ¼ 0.05, while the horizontal line with dark shading represents P ¼ 0.005. LB, lateral branches; TB, total branches; LBN, lateral branch nodes; LD, long day; SD, short day. maintain epistatic interactions in a large, genetically diverse sample. Indeed, it is well known that epistatic effects can manifest themselves as additive genetic variation, particularly in species that are highly inbred and/or highly structured at the population level (as reviewed in Neiman and Linksvayer 2006) . If association-mapping populations contain inbred genotypes and/or individuals from different subpopulations, alleles involved in epistatic interactions may prove detectable through conventional association-mapping techniques, but undetectable as additive QTL through QTL mapping. The results presented here support those from recent studies that point to the prevalence of epistasis on the genetic architecture of various traits in A. thaliana (Malmberg et al. 2005) .
Candidate gene association mapping of branch variation in Arabidopsis: Shoot architecture, in particular the organization of axillary branches, is one of the most visible features that differentiate plant species (Sussex and Kerk 2001) . Characterizing the molecular basis of microevolutionary variation in branching in tractable plant models, such as A. thaliana, may provide clues to the molecular mechanisms underlying shoot macroevolution. This study is the first report of a largescale candidate gene association mapping in A. thaliana, which evaluates many of the genes found in the genetic network that underlies shoot branching in this plant species. By screening 36 genes, we have identified at least one strong candidate gene for branching variation in this species in SPS1 and two weaker candidates in MAX2 and MAX3. Additionally, we have localized the MAX2 and MAX3 associations to the genes themselves.
The associations described in this study provide evidence that variation in phytohormone signaling pathways for auxin and cytokinin may play important roles in generating branching diversity in A. thaliana. Both auxin and cytokinin have long been known to play central roles in apical dominance and shoot branch development, so it is plausible that these signals could contribute to branching variation. This study also emphasizes the strong influence the environment exerts over quantitative variation in the shoot and its genetic architecture. The nominally significant candidate gene associations detected in each environment were typically very different and are comparable to those from QTL-mapping experiments that have shown a large number of environment-specific QTL for shoot architectural traits (e.g., Ungerer et al. 2003) . This environmental sensitivity provides support for the importance of genotype-environment interactions in shaping shoot Figure 6 . morphology, and it is likely that such environmentspecific control of branching exists and may be of adaptive value as plants modulate their architecture to various ecological signals such as photoperiod length, available nutrients, and herbivory (Bonser and Aarssen 1996) .
Our results demonstrate the utility and difficulty of association mapping, which is increasingly being applied to a large number of trait-mapping studies. This study shows that in A. thaliana one can conceivably obtain high resolution and localize haplogroup-phenotype associations to single genes with this approach. Detailed Figure 6 .-Genomic map of candidate gene associations and QTL in the Ler 3 Col (A) and Cvi 3 Ler (B) RILs. Environmenttrait combinations are colored as red, green, blue, and purple for lateral branches in long day, lateral branch nodes in long day, lateral branches in short day, and lateral branch nodes in short day, respectively. Each epistatic QTL is referenced to the table of epistatic QTL by number. Additive QTL are included on the map as colored rectangles at the marker location reported in Ungerer et al. (2002 Ungerer et al. ( , 2003 , using the same color scheme as for the epistatic QTL. Figure 6 . studies are necessary to validate the associations reported in this study at the causal level, and these studies are currently underway. Our results suggest, however, that candidate gene association studies can provide strong candidate quantitative trait genes, although certainly this approach is not as comprehensive as genomewide analyses that are not limited to characterized genes. Nevertheless, the challenge is to determine the biological significance of associations detected by association mapping, and the possibility that epistatic interactions may underlie the effects of many of these genes poses challenges on how association studies are replicated and validated in the future.
